Bioanalysis of protein-based therapeutics have historically used ligand binding immunoaffinity (LBA) approaches. However, recently LBA has been combined with Liquid Chromatography-Mass Spectrometry, resulting in the term hybrid (LBA)-LC-MS/MS techniques. Hybrid LC-MS/MS has successfully been applied to the bioanalysis of biotherapeutics and biomarkers. The basic concept of hybrid LC-MS/MS can be defined as combining LBA for the selective isolation/enrichment of the target analyte from the biomatrix and LC-MS for selective detection of the isolated analyte. In this article, we present a brief overview of How To develop a hybrid LBA-LC-MS/MS method for biotherapeutics and biomarkers with an emphasis on the general workflow and procedures.
Introduction
Since the foundation of ligand binding assay (LBA), which was established by the work of Yalow and Berson and the work of Landsteiner [1] , LBA has been and continues to be used as a standard approach for bioanalysis of therapeutic proteins due to its excellent sensitivity and high throughput capabilities. However, as biotherapeutics have become increasingly popular so have the complexities of the molecular constructs, leading to significant challenges for traditional LBA techniques. Recently, Hybrid LBA-LC-MS/MS has been shown to be a promising and successful approach for bio-cept for identification and quantification of target antigens using mass spectrometry.
In general, Hybrid LBA-LC-MS/MS assays have the potential to offer some advantages over traditional LBAs [4, 6, 9] such as:
• Greater structural information and selectivity • Quantitative results based on intrinsic physicochemical properties • Can be developed without the need for specialized reagents • Multiplex analysis for multiple analytes or protein domains • Wide dynamic range (≥3 logs), minimizing dilutions • Less sensitive to cross-reactivity and matrix-related interferences • The resolving power of chromatography combined with the MS selectivity, allows structurally and chemically similar analytes to be separated and distinguished from each other. • LC-MS/MS technology is common in many labs, with an increase in labs using hybrid LC-MS/MS approaches This article will briefly introduce the principle of the hybrid LBA/LC-MS/MS, and will focus on the basic concept, assay workflow description, and extraction/enrichment procedures.
Definition of the Hybrid LC-MS/MS
Hybrid LC-MS/MS can be considered a combination of traditional LBA enrichment strategies, for the selective isolation of the biotherapeutic from the biologic matrix, and LC-MS/MS for the detection and quantitation of the analyte of interest. Traditional sample preparation (such as protein precipitation or solid phase extraction) or affinity capture enrichment strategies can be used for the separation of biotherapeutics and biomarkers from the biologic matrix [9] . In some cases, based on the assay requirements, a direct digestion approach, without an immunoaffinity step, can also be used. Broadly speaking, traditional sample preparation, direct digestion and affinity capture approaches combined with LC-MS/MS often are considered to fall under the hybrid LC-MS/ MS definition [9] .
Hybrid LC-MS/MS Workflow
Examples of several Hybrid LC-MS/MS Workflows for protein quantitation are shown in Figure 1 . In general, the simplest approach should be applied if the required selectivity/ specificity, sensitivity, accuracy, and precision in the intended matrix can be achieved. However, direct digestion and traditional sample preparation approaches (such as protein precipitation or solid phase extraction) are limited in their ability to remove or reduce endogenous matrix components, often resulting in complicated or dirty extracts impacting assay sensitivity. In addition, these techniques often lose the ability to distinguish between different "forms" of the biotherapeutic protein, such as the ability to discriminate between free vs total, and often lose important structural information. Incorporating an immunoaffinity workflow offers many advantages, such as cleaner extracts, and maintaining structural information, and as such is the most useful/popular LC-MS/MS approach for large molecule isolation/detection. This article will focus on immunoaffinity-LC/MS/MS workflows.
Hybrid LC-MS/MS: Procedure and Materials 3.1 In silico analysis
Quantification of biotherapeutics by LC-MS/MS is primarily based on enzymatic digestion of enriched target protein followed by quantification of unique amino acid sequences (surrogate peptides). The surrogate peptides should be unique to the analyte and not found in any endogenous protein that might be present in the sample. To facilitate the identification of candidate surrogate peptide sequences, the sequence of the target protein needs to be known. Some of the common protein sequences can be downloaded from online databases, such as the International Immunogenetics information system® website (http://www. imgt.org). In silico digestion using different proteases (such as trypsin) is applied on the protein amino acid sequence and the resulting candidate surrogate peptide sequences are searched (BLAST® Basic Local Alignment Search Tool) against the intended species and or other animal species protein sequences using an online database such as the National Center for Biotechnology Information website (http:// www.ncbi.nlm.nih.gov) to identify surrogate peptides that are proteotypic. Often many proteotypic peptides are identified, resulting in the need to narrow the number of candidates to be evaluated. Typically, short peptides (fewer than 5 amino acids) and large peptides (>20 amino acids) are either excluded or given a low ranking in the candidate peptide pool. Peptides containing glycosylation consensus sequences or sequences that are susceptible to post-translational modifications, such as deamidation, oxidation or isomerization, should be avoided.
Once the initial in silico candidates have been identified, the list may need further refinement. The multiplexing nature of LCMS allows multiple candidate peptides to be evaluated simultaneously (e.g. from multi-domains for quantitative and/ or confirmatory purposes). The candidate surrogate peptide chromatographic and mass spectrometric (MS) characteristics are evaluated. The peptides with favorable selectivity and sensitivity are considered for further evaluation/optimization. Surrogate peptides are typically classified as either 1). signature surrogate peptides, or 2). Universal surrogate peptides. A detailed description for each type will be described in the following sections. Signature surrogate peptides have amino acid sequences that are unique to the target biotherapeutic (e.g. peptide from the variable domain of therapeutic antibody) (Figure 2 ). Signature peptides provide excellent selectivity and are often the only choice when the intended matrix is human. However, since signature peptides are unique to a therapeutic, de novo bioanalytical development, starting with the in-silico analysis, is often required for new therapeutics [2] . For example, FTI-SADTSK and IYPTNGYTR are signature surrogate peptides from the complementarity determining region (CDR) of trastuzumab that have been used in quantification of trastuzumab in human serum [10] .
Surrogate peptides from different regions (e.g. heavy chain, light chain, CDR, etc.) can also provide important structural information about the target protein. As an example, for the monoclonal antibody Ipilimumab [11] , two characteristic or signature tryptic peptides, GLEWVTFISYDGNNK (GLEW) and LLIYGAFSR (LLIY) derived from the CDR, have been used in our laboratory as surrogates for Ipilimumab quantitation. The GLEW peptide is from the heavy chain and the LLIY is from the light chain. Incorporating an immunocapture step, such as Protein A or Protein G, and using signature peptides from both the heavy and light chains provides information about overall structure. The immunocapture involves binding the Fc region of the mAb, and quantitation using signature peptides from both heavy and light chain would allow an assessment to be made about the intact structure by comparing the concentrations obtained using the heavy chain peptide (often referred to as total antibody) to the concentrations obtained using the light chain peptide (often referred to as intact antibody). While light and heavy chain dissociation is not expected for Ipiliumumab, the payloads for many antibody drug conjugates involve inter-disulfide conjugation, which involves breaking the covalent linkage between the various chains. As such in vivo dissociation of the light and heavy chains, which would have a significant impact on the mAb-target binding efficiency and thus drug efficacy, would lead to different concentrations for the total and intact antibody concentration. An alternative approach to using signature peptides is to use surrogate peptides that are considered "Universal peptides". Universal surrogate peptides are common to different human protein-based therapeutics, such as mAbs, and not present in the protein sequences of the animal species that are commonly used in pre-clinical studies. For example, the tryptic peptide amino acid sequence VVSVLTVLHQDWLNGK, is present in human constant domain (the heavy chain of the Fc region for human IgG1, IgG3 and IgG4 isotypes), and the tryptic peptide TVAAPSVFIFPPSDEQLK is present in human constant domain (light chain), Figure 2 [2, 12] . Both human tryptic peptides are proteotypic in animal matrix, thus leading to the term "Universal peptide"-universal across therapeutic and universal across animal species. For example, universal surrogate peptides have been applied to the quantification of seven monoclonal antibody drugs (mAb 1-7) in different animal sera (mouse, rat and monkey) using TTPPVLDSDGSFF-LYSK peptide as a quantitative surrogate peptide and TPE-VTCVVVDVSHEDPEVK and VVSVLTVLHQDWLNGK as qualitative (confirmatory) peptides [13] .
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Immunocapture Reagent
Three types of capture reagents are typically used for hybrid LC-MS/MS assays: 1). Anti-idiotypic (anti-ID) antibody capture (specific), 2). Target antigen capture (specific), and 3). Protein A/G capture (non-specific). The choice of immunocapture reagent is often determined by availability of specific capture reagents and the sensitivity/selectivity requirements of the assay. Specific capture reagents (Anti-ID antibodies or target antigens) are usually labeled (e.g. with Biotin) and immobilized to magnetic beads (e.g. Streptavidin magnetic beads). Protein A and protein G are bacterial immunoglobin (IgG) binding proteins. They are often immobilized on solid surfaces such as Sepharose™ or magnetic particles/beads. Protein A or G bind immunoglobulins from different species with different affinities and are used for IgG purification from different biomatrices [14] . Recombinant protein A/G can also be used to expand the binding activity [14] . Anti-Human IgG (Fc specific) antibodies, which are non-specific in human matrix but specific in preclinical matrices, have high selectivity for the Fc fragment of human IgG and often used for the analysis of human or humanized antibody-based therapeutics (mAbs, ADCs, Fc based fusion proteins/peptides) in pre-clinical species, with limited cross reactivity with endogenous animal IgG. Protein A/G and biotinylated anti-human Fc/Streptavidin beads, which are commercially available, have been successfully used for quantifications of different human/humanized monoclonal antibody (mAb) biotherapeutics in non-human matrices. Protein A/G is considered non-selective and as such lower limits of quantitation are typically ≥ 0.050 µg/ mL, while the use of an anti-human Fc immunocapture step often provides lower limits of quantitation ≤ 0.050 µg/mL. Immunocapture using Protein A or G can also be extended to human matrix, which is advantageous when critical reagents, such as anti-ID antibodies, are not available. For example, a multiplex LBA-LC-MS/MS method for simultaneous quantification of seven therapeutic monoclonal antibodies (adalimumab, cetuximab, infliximab, rituximab, secukinumab, tocilizumab, and trastuzumab) in human plasma using protein G immunocapture has been reported [15] . Signature (proteotypic) surrogate peptides for each analyte were identified via in-silico analysis as described before [15] and used for quantification. The mAbs were either chimeric, humanized, or fully human IgG1 with different pharmacological targets. The LLOQs for the mAb therapeutics ranged from 1.0-5.0 µg/ mL. The results not only showed the wide applicability of the generic protein G approach but also the multiplexing capability of using LC-MS/MS. There are several important considerations that need to be considered and or evaluation regarding optimization of the immunocapture step. The amount of beads as well as bead REVIEWS IN SEPARATION SCIENCES 50
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Generic Digestion Procedure
The standard digestion procedure includes: 1). denaturing with a surfactant such as Rapigest® or ProteaseMAX® to solubilize/unfold the protein, making the cleavage sites more accessible to digestion enzymes and improve the digestion efficiency (heat denaturation can be also applied with and without denaturing agent), 2). reduction using a reducing agent such as Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) or Dithiothreitol (DTT) to reduce protein disulfide bonds (both denaturing and reduction can be carried out simultaneously), 3). alkylation of cysteine residues in proteins with Iodoacetic acid (IAA) or Iodoacetamide (IAM) to cap the reactive thiols, and 4). protein digestion using an appropriate enzyme such as trypsin.
Digestion Enzyme
Through the in-silico/BLAST® analysis, it is possible to target a specific region of the protein by choosing the appropriate digestion enzyme (or a mixture of digestion enzymes) to generate a surrogate peptide that encompasses the region of interest. Trypsin is the most commonly used enzyme for protein quantitation due to its cleavage selectivity and reproducibility. Trypsin cleaves at the carboxyl terminal of lysine/arginine residues, accordingly, the tryptic peptides have basic residues at the C-terminus, which is appropriate for reversed-phase liquid chromatography and MS detection [16] .The recommended enzyme:protein ratio is 1:20 (w/w), and the most commonly used trypsin digestion protocol involves incubation at 37°C in digestion buffers (pH ~ 8). The digestion time may range from as little as 1 hour to overnight [11, 13, 15] . Other digestion enzymes such as chymotrypsin, Asp-N®, Glu-C®, Lys-C®, protease K and pepsin have also been used in hybrid LC-MS/MS workflows. Lys-C/trypsin digestion has been applied to improve cleavage at lysine residues and Lys-C/Arg-C digestion has shown a better performance than trypsin and Lys-C/trypsin digestion [16] . For protein quantitation by LC-MS, the speed and efficiency of the enzymatic digestion step is an important consideration for method development as well as for improving sample analysis throughput. The digestion efficiency is critical for the reproducibility and sensitivity of the assay. To ensure consistent digestion efficiency, denaturation, reduction and alkyla-tion steps should be optimized in terms of reagent volume, time and temperature for each step. If the proteins are not appropriately denatured/reduced/alkylated, digestion efficiency may be negatively impacted, leading to low apparent digestion efficiencies or worse variable digestion efficiencies. Furthermore, after identification of an appropriate enzyme (as mentioned above), amount of enzyme (enzyme to therapeutic ratio), time and temperature for digestion should be assessed. Optimization of the digestion protocol to ensure consistent digestion efficiency is paramount since often times the internal standard is a stable isotopically labeled tryptic peptide (SIL-peptide), which is not digested. Internal standard considerations will be discussed further. An example of hybrid LC-MS/MS generic procedure for protein quantitation is shown in Figure 3 . SIL-proteins are added before the capture step and have the advantage of being able to compensate for any variabilities associated with immunocapture, digestion, and detection. Although SIL-proteins are considered ideal internal standards, they are typically not commercially available, are expensive and timely to generate, and would be needed for each biotherapeutic [18] . Analog Stable-isotope labeled (SIL) proteins, such as SiluMAB™, while not identical to SIL-therapeutic proteins, can be used in non-selective immunocapture (Protein A or G, anti-human Fc) procedures. SiluMAB™ is produced by uniform incorporation of [ 13 C 6 , 15 N 4 ]-Arginine and [ 13 C 6 , 15 N 2 ]-Lysine amino acids and for several human IgG isotypes [12, 13] . SiluMAB™ is added before the capture step and has the advantage of being able to compensate for any variabilities associated with immunocapture, digestion, and detection. An additional advantage is it is inexpensive, and readily commercially available. In addition SiluMAB™ could be considered a universal internal standard for human
Internal standard
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How to,... Article mAb, ADCs, or fusion protein therapeutics when developing bioanalytical method for pre-clinical species. Labeled extended surrogate peptides contain additional amino acid residues, typically 4-6 residues, on one or both ends of the peptide (N-and/or C-terminus) which can be enzymatically digested to produce the labeled surrogate peptide. They are relatively inexpensive and can be synthesized typically within three weeks. SIL-extended peptides are added after the immunocapture step and potentially help to reduce enzymatic digestion variability and LC/MS detection. Given the digestion efficiency between the intact protein and the extended peptide could be different, it is important to evaluate the consistency of the digestion efficiency, during method development, for both forms. Stable isotope-labeled peptide internal standards (SIL-IS) are typically added at the end of extraction (after digestion). They compensate for volume differences and matrix suppression/enhancement effects associated with LC-MS/MS detection. SIL-IS are very common for protein quantification and have the same advantages as the SIL-extended peptides in terms of costs and time to syn-thesize. Both SIL-extended peptides and SIL-peptides offer the scientist the ability to pick the number and location of the amino acids to be labeled. This allows flexibility to control the mass shift between the labeled and unlabeled peptide and to control having the labeled amino acid in the fragment ion (product ion).
Equipment 6.1 Beads Processor
Magnetic and Sepharose™ beads, coated with immobilized streptavidin and Protein A or G, are the most commonly used format in hybrid LC-MS/MS assays. Immunocapture using magnetic beads allows the target protein to be separated/ enriched from matrix components by using the power of a magnet [14] . Beads are available from many different manufacturers, bead size, binding capacity, as well as surface modifications to minimize non-specific binding of unwanted proteins. Due to the available choices and the differences between beads, it is recommended that several types be evaluated, such as from different manufacturers, for selectivity, 
Reviews in Separation Sciences
How to,... Article sensitivity and consistency. There are two types of equipment that are primarily used for magnetic bead immunocapture enrichment/washing, microplate washers fitted with a flat magnet and magnetic particle processors. In essence, traditional plate washers remove the liquid (most but not all) from the beads. However, magnetic particle processors, such as the Thermo Scientific™ King-Fisher™ Flex, use individual magnet heads to separate, wash and transfer the beads, i.e. beads removed from the liquid. While on the surface the difference may appear to be subtle, the use of the KingFisher™ can often help reduce variability associated with elution and/or digestion compared to a plate washer. Since plate washers leave residual and variable volumes of wash buffer "behind", the residual buffer can impact the elution and digestion efficiency thus leading to increased variability.
Detection Instrument
LC-MS/MS based methods are a popular choice for the quantitation of biotherapeutics using a bottom up approach, which is based on proteolytic digestion of target biotherapeutics and using surrogate peptides for quantification. Due to their sensitivity, selectivity, and widespread use in laboratories, triple quadrupole mass spectrometers are the workhorse systems for bottom up quantitation. Although not as wide spread, high-resolution mass spectrometer instruments (HRMS) can also be used for both quantitation and characterization. In addition, HRMS offers enhanced mass selectivity that is not achievable using triple quadrupole systems, such as to accurately discriminate between an amidated and de-amidated peptide sequence. In some cases, middle down and middle up approaches using selective digestion/agents (such as IdeZ®) to obtain protein subunits (e.g. Fab, Fc) can be applied. A middle-up LC-MS approach has been used for characterization of thiol-conjugated maleimidocaproyl-monomethyl auristatin F (mcMMAF) and valine-citrulline-monomethyl auristatin E (vc-MMAE) antibody-drug conjugates (ADCs) and to calculate the drug-antibody ratio [18] . Biotherapeutics can also be directly analyzed by LC-MS using an intact level (Top-down) approach. Both middle down/up and top down approaches can offer additional structural information. However, due to the size, a high-resolution mass spectrometer should be used (e.g., qToF or Orbitrap instrument). While additional structural information can be provided by these techniques, it is often at the sacrifice of sensitivity. While the use of HRMS instrumentation has increased over the past few years, it is not as widespread as triple quadrupole instruments in terms of biotherapeutic quantitation.
Multiplex LC-MS/MS Assays for Biotherapeutics and related challenges
The number of protein-based therapeutics being developed are significantly increasing. From a bioanalytical perspective, the structural complexities of the therapeutics are becoming more challenging. Examples include ADCs with cleavable and non-cleavable linkers, bispecific antibodies, multi-domain fusion proteins, and emerging modalities such as Probody™ therapeutics. These molecules have additional challenges that extends beyond the "normal" challenges of assay development. For example, multi-domain fusion peptides may be needed to be able to accurately quantitate the concentrations based on each domain to ensure the molecule is intact and/ or determine if the molecule has been catabolized to the various domains, which ultimately can help with explaining efficacy. The number of Oncology therapeutics is rapidly growing, and many treatments involve co-dosing biotherapeutics. In many cases the co-dosed therapeutics target the same antigen and have high degree of homology. As such, traditional LBA assays can suffer from cross-reactivity between the co-dosed therapeutics. By implementing a hybrid LC-MS/MS approach, reagent cross-reactivity is not an issue due to the resolving power of the mass spectrometer. Even with therapeutics that have >99% sequence homology, it is possible to accurately quantitate each therapeutic in a single assay by identifying surrogate peptides containing non-homologous sequences (even a single amino acid substitution could be enough to ensure appropriate mass selectivity). Antibody drug conjugates are another example illustrating molecule complexity. Typically three PK assays are needed to assess safety and efficacy: 1). Total antibody, including conjugated antibody, partially and fully de-conjugated antibody, 2). total ADC (antibody-conjugated payload concentration (DAR sensitive) or conjugated-antibody concentration (not DAR sensitive)), and 3). free drug (unconjugated toxin) [19] . Depending on the ADC properties, it may be possible to measure the total antibody and total ADC concentrations in a single assay using hybrid LBA-LC-MS/MS (20) .
Applications
Hybrid LC-MS/MS has been successfully applied to a wide range of different biotherapeutics such as:
• Monoclonal antibodies (mAbs) • Bispecifics (bsmAbs, DART®s, BiTE®s)
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• Antibody-drug conjugates (ADCs), bispecific drug conjugates • Carrier conjugates (albumin, PEG) • Fusion proteins/peptides • Peptide and protein therapeutics and biomarkers • Messenger RNA therapeutics™
In conclusion, hybrid LC-MS/MS workflows can be applied to a wide range of biotherapeutics:
• An immunoaffinity approach using Protein A or G magneic beads can be used to enrich Fc containing biotherapeutics from human and animal matrix. Proteolysis with an appropriate enzyme, following standard protein denaturation, reduction, and alkylation processing steps. One or two signature/universal peptides are usually identified and used as surrogates for target protein quantitation. Different digestion enzymes can be used either alone or in combination to significantly increase the proverbial "development toolbox". • Anti-Human Fc antibodies and magnetic beads can be applied for selective isolation of Fc containing therapeutics from animal matrices (Pre-clinical studies). Followed by same procedure explained above.
•
Immunoaffinity isolation by using biotinylated anti-ID antibody or target antigen and streptavidin beads can be applied to both human and animal matrices. The captured biotherapeutic will be denatured, reduced and digested following the same procedure above.
The complexities associated with biotherapeutics demands a clear understanding of what needs to be measured followed by strategies on how to measure. The use of hybrid LC-MS/ MS expands the development strategy toolbox to enable such measurements.
